Introduction
Revolutionary advances in manufacture have made macroscopic quantities of nanoclusters cheaply available. Large quantities can be made by wet chemical [l] , electrochemical [2] , nucleated growth [3] , and inverse micelle [4] techniques, spanning sizes from just a few to tens of thousands of atoms. In addition, with the inverse micelle technique, the mass of the clusters can be controlled to within 510% and the resulting clusters are covered by surfactants which prevent clumping. Availability, and the intriguing potential to tailor these clusters for use in catalysis, have sparked a heightened interest in nanoclusters [5] .
The geometries and other properties of "small" nanoclusters, of order 200 atoms or less, are largely unknown. However, interesting catalytic properties have been observed that cannot be explained by simple dispersion [1, 2, 6] , and are possibly due to fundamental differences in structure from larger clusters. In this paper we examine the structures of metallic nanoclusters using first principles local density functional calculations and report on the relative stabilities of icosahedral (icos) vs. cubo-octahedral (fcc) geometries of clusters composed of the transition metals Ru, Pd, and of the noble metal Ag.
Microscopic gas-phase quantities of small clusters can be made using laser ablation, producing metal vapor that condenses in helium flow tubes [7] , and permitting the clusters to be studied in vacuum. In the last several years, a few groups have developed the ability to perform photoemission experiments [SI or to place the clusters on a support for microscopy [9] . While, with some notable exceptions [lo] , small semiconductor nanoclusters seem likely to reflect the directional or ionic bonding present in bulk materials, little is known concerning the structural details of transition metal clusters [l] . The most information comes from the Argonne group, who has studied adsorption properties by injecting molecules in flow tubes and counting, by mass spectroscopy, the number that stick as a function of nanocluster metal mass and temperature [ll] . For different adsorbates, "rules" have been established concerning coverage and site preference, and cluster structures have been inferred. Generally, icosahedral-based structures are observed in clusters to over 100 atoms, with polyicosahedral forms where atom numbers are well-between the major icosahedral shell closings of 13,55, and 147 [12] . Naturally, a multitude of nearly degenerate isomers is possible. It is desirable to know the relative stability and geqmetries of icosahedralbased (icos) vs. bulk terminated cubo-octahedral (or face-centered cubic -fcc) structures.
Icosahedral geometry near major shell closings maximizes the coordination of surface atoms while minimizing their number (see Figs. 1-2) ; however, the center of the cluster must be compressed if surface atoms are to have near typical interatomic distances. In contrast, while fcc structures do not require core compression for the surface atoms to be spaced "properly" (although a small amount is expected from the "surface tension"), a competition exists between minimizing surface area and maximizing the average surface atom coordination. Note that the surface-area-minimized fcc structures seen in Figs. 1-2 produce a mix of close-packed and more open microfacets, the latter nominally raising the surface energy compared with comparable icos forms. On the other hand, maximizing surface coordination in fcc structures increases the surfaceto-bulk atom ratio, while lowering the surface energy at the expense of the bulk energy (see Fig.   3 ). With increasing cluster size, at some point the cost of bulk compression is too high to sustain the icos structure, and we expect bulk-based structures to take over; faceting in then determined by the relative surface energies. It is unknown, however, where this transition occurs. It is also unknown which structures are favored for specific materials in view of the above competing factors.
Many-body (Le., three center and higher) contributions to the total energy are well-known to be important in metals and preclude prediction based on simple theoretical models, such as tightbinding approaches. Embedded-atom models can predict surface energies poorly and incorrectly produce surface relaxations in several cases, such as Pd and Pt (111) [13] . Thus more sophisticated theory is indicated, which can also serve to test the more approximate methods.
In this paper, we report local density functional ab initio calculations on the relative stability and geometries of icos vs. fcc structures of relatively large clusters of the transition metals Ru and Pd and of the noble metal Ag. Because of simultaneous sub-shell closings, we first study clusters of 55-and 135-atoms, as these avoid the more complex structures which are likely to occur well-between shell closings. We chose these materials to include in our study significant differences in cohesive energies and metallic bonding. We also report on 134 atom clusfers, in order to see the magnitude of the relative total energy change upon deviating fiom subshell closing, and on 140-atom icosahedra vs. the fcc octahedron (Fig. 3) , in order investigate the competition between surface and bulk energy described above. Finally, we report studies of 13 atom clusters Pd and Cu clusters, with and without hydrogen. Studies of Large Ru, Pd, and Pt Nanoclusters Using the QUEST Code
Computational Details and Code Development
The large-scale calculations required for this study were performed using the new Gaussianbased density-functional code QUEST (Quantum Electronic STructure) [14] . QUEST was spe-' cially designed and expressly written for massively parallel (MP) distributed-memory computer architectures. The Gaussian atom-centered orbital scheme is key to the implementation of a very efficient good-scaling method that readily incorporates the d-orbitals necessary to study transition metals. With N being the number of atoms, over the range of cluster sizes considered in this paper, the computational time scales as N1". This scaling, coupled with M P computing power, enables studies of clusters and periodic systems with hundreds of atoms.
The nanocluster work was the driving force behind a significant portion of QUEST development, especially that targeted toward metals. Under the LDRD, the atom potentimasis-set library used by QUEST was greatly expanded and tested. For example, the late 4d transition metal bases were built, and benchmarked other calculations, and against bulk properties. In addition, much of the work involved comparing cluster properties w i t h bulk materials, and the LDRD supported work to complete and validate the incorporation of periodic boundary conditions in the code, including code taking advantage of symmetry that enables use of a sampling of Bloch vectors reduced to the irreducible Brillouin zone.
During the course of the LDRD, calculated forces were finally integrated into QUEST, and the nano-cluster work represented the first concrete application of the use of forces for problems beyond test cases. For analysis of the results of the calculations, some post-processing capabilities were added. In order to understand some of the results, it proves necessary to render the electronic charge densities of the systems studied, and toward this end, special I/O was added to QUEST to provide the necessary input to a new code written to visualize charge densities, and differences between charge densities.
The local density approximation (LDA) [15] , to density functional theory [la, is known to yield excellent geometries and relative energies for metal systems, and has achieved considerable success in studies of complex metal surfaces and metal adatom motion on surfaces [ 171. .Gradient corrections [18] have proven not to improve on standard LDA for metal structure. In our calculations, we use the PerdewEunger LDA parameterization [19] of the Ceperley/Alder electron gas results [20] , and employ the generalized norm-conserving pseudopotentials of Hamann [21] to remove the chemically uninteresting core electrons from the problem. We neglect spin-polarization, for while magnetism has been observed for Rh nanoclusters [22] , it has not been observed for the materials considered here.
The atomic basis sets used for the transition metal atom [23] consisted of three Gaussian functions contracted to give to s-functions, two to give a single p-function, and five to give one d-function (3s2p5d/2slpld). A "double-zeta" d-function (3s2p5dj2slp2d) giving a second radial degree of freedom for the d-orbitals proved unnecessary, as using single-zeta bases yields relaxed geometries and relative energies in good agreement for a variety of test case. For example, Table 1 lists bulk properties computed w i t h these bases. The relative energetics of relaxed icos and fcc clusters changed only negligibly upon promoting the basis. In order to achieve near-linear scaling, the 
QUEST Results and Discussion
The relative stabilities of relaxed 55-and 135-atom clusters are displayed in Table 2 , presented on a per-atom basis to facilitate comparisons between results for different cluster sizes and for different elements. The icos geometries are more stable than the fcc geometries for all these clusters. In fact, contrary to expectation, the relative stability of the icos structure increases in going to the larger cluster for Ru. Furthermore, despite pronounced differences in metal-metal interactions, the results for Ru are more similar to Ag, than either is to Pd, looking at the magnitude of the relative stability of icos and fcc. This preference for icos does not appear to be markedly changed with small perturbations on the cluster. In the case of Ag, the relative preference toward icos changes by only 0.002 eV/atom to 0.027 eV/atom in going from the 135-atom cluster to a relaxed 134-atom cluster. In contrast, larger deviations from shell-closing can lead to very different results. Energy comparisons of icos and fcc geometries for 140-atom clusters, also listed in Table 2 , reverse the order for Ru and Pd, with the fcc octahedron favored over the icos structure.
Relative to fully self-consistent LDA calculations, Harris functional [27] total energies are relatively simple to compute, and have been tried in molecular dynamics simulations of cluster structure [28] . However, to compute geometries using dynamical methods requires accuracy away from equilibrium as well as at a relaxed structure. To test the accuracy of the Harris functional for the materials studied here, we computed the H a r r i s functional icos-fcc energy differences and compared them to the full LDA energy differences for our final relaxed structures as well as our initial guess geometries, "It. 0" (see Table 3 ). The results show the Harris functional does a poor job at computing the energy differences for Ru and Pd clusters, being in error by factors of 2-3.
Given that the method approximates the total charge density as a superposition of spherical atomic densities, it is understandable that it does a much better job for Ag, with errors in the 15% range. Apparently, the H a r r i s functional is inadequate to deal with the angular character of the charge density in atoms such as Ru In Tables 4-10 In Figs. 4-6 , we present the one-electron densities-of-states @OS) for Ru, Pd, and Ag 135-atom clusters, respectively. (These were produced from the LDA eigenvalues using Gaussian broadening with an exponent of E 2 2 /4a , with a = 0.01 Ry.) The plots are quite similar to DOS from bulk systems. There are small differences in icos vs. fcc DOS. These differences are consistent with the differences in total energy, with the center of gravity being lower in the icos DOS.
The "oscillations" in the DOS computed above the "d-band" for silver is a finite-size effect of the cluster.
Among the most important of the competing factors determjning the optimal structure are the number and coordination of surface atoms, and the interatomic spacings of those atoms compared to ideal bulk spacings. On the fcc clusters, the surface atoms relax strongly to make up some of the energetic cost of reduced coordination. Indeed, the fcc surface atoms are more closely spaced on the finite clusters than they are on extended surfaces, demonstrating a large "surface tension" effect. For the icos clusters, however, the atoms at the surface are unable to approach each other as closely as on the fcc clusters, because of large core compressions which carry a correspondingly large energetic cost. Not requiring large core compressions to approach bulk spacings, the fcc surface atoms have more freedom to relax.
In Table 11 , we show the number of atoms of each coordination and the average coordination for each cluster. While maximizing the average coordination may generate the optimal structure within the fcc class of clusters, the same need not be true in comparing fcc clusters to icos clusters because of the extra cost of compressing the core atoms in icos clusters. Nonetheless, there is a strong correlation between the average coordination of each cluster, as shown in Table 11 , and the relative stability of the different structures, as in Table 2 . The anomalous behavior of Ru can be rationalized by comparing the above observation with surface energies of Ru as computed by
Methfessel [29] . Open (low coordination) surfaces have much higher energies than close-packed surfaces. The bonding in Ru is more localized and stronger than in either Pd or Ag, hence, the icos form for the 135-atom clusters is more strongly favored thm for the 55-atom cluster because reducing the average coordination for Ru incurs a greater energetic penalty. .With the same average coordination, as in the 140-atom clusters, the fcc form wins in two of three cases, despite having more surface atoms.
Icosahedral structures have been suggested to become unfavorable for cobalt clusters of just about this size: loss of icos signature was reported for more than 120 atoms [30] . For 140 atom clusters, the fcc geometry is already favored for Ru and Pd, and this preference for fcc is likely to extend to slightly smaller clusters. The least-coordinated surface atoms of both fcc and icos structures have the same coordination and, therefore, their removal is not likely to affect the relative stabilities of icos and fcc clusters. If there is a clean transition between the icos and fcc forms for Ru and Pd, it is likely to occur between 135 and 140 atoms. On the other hand, icos-based structures for Ag are likely to be more stable than fcc well beyond the next major shell closing at 147 atoms, as the icos is more stable at 140 atoms, and atoms can be added in higher coordination sites on the icos than on the fcc cluster.
It would be useful to be able to estimate energy differences between clust&rs as a function of the number of atoms of each coordination. With the surface energies per atom, known for many 4d transition metals including Ag [29] , one could, in principle, predict the cohesive energy per atom w i t h respect to the bulk atoms. However, using extended-surface energies to estimate cluster surface energies may not be reliable because the cluster surface M spacings are so markedly different from those seen on bulk surfaces, especially for fcc structures. A direct computation of atom surface energies in these clusters might be more useful. For a given size of cluster, one could estimate of the relative stabilities of fcc clusters differhg only in the character of surface faceting, but would not be able to compare fcc and icos clusters because of the additional need to consider the effect of core compression in the latter.
It should be noted that the geometries predicted here will not necessarily be those observed in experiments. Our calculations are for gas-phase species, while mass production techniques involve some sort of precursor in solution that either reacts or serves to nucleate growth. In the -11-inverse micelle method, for example, the metal cluster grows by reducing a metal-salt cluster, surrounded by surfactant molecules [4] . The more open surfaces of bulk-like clusters, vis-a-vis icos clusters, could bind surfactants more strongly, thus generating a more stable complex despite the icos species being preferred when clean. This has also been also noted for very small metal clusters [31].
QUEST Conclusions
The transition from icos geom-tries, favored by small clusters, to fcc tru tures is predicted t occur for clusters with 140, or a few less, atoms for Ru and Pd. The icos-fcc transition for Ag is likely to occur for a much greater number of atoms. Our study shows that Harris functional calculations might be adequately accurate for Ag to study this transition, but that it is inadequate for systems with unclosed d-shells. ICOS structures exhibit large core compressions in order to improve the interatomic spacings of the surface atoms. The fcc structures exhibit substantial surface compressions, larger than seen for extended surfaces. Hence, small nanoclusters may be expected to have surfaces with unique reactive properties -not just for morphological reasons, but also because the substantial surface relaxations suggest altered reactivity even on fcc clusters.
Studies of Small Pd and Cu Nanoclusters Using the DMOL Code

Self-Consistent Convergence Using DFT
It was found early on that it was possible to converge our density functional calculations for both Cu and Pd clusters. Self-consistent convergence was attained by using a conbination of techniques. In general, it was necessary to "smear" out the occupation of electronic states near the Fermi energy -in effect by performing the calculations at a nonzero Fermi temperature. In addition it was necessary to provide a mixing factor, which blended solutions from iteration to iteration. For certain calculations a very low miXing factor was required, leading to very slow convergence. This was done using the capabilities built into the DMOL commercial density functional code of Biosym Technologies, Inc. The built-in geometry optimization tools in DMOL also proved valuable for sorting out optimal geometries for clusters of various sizes.
13-Atom Bare Clusters
For both Pd and Cu, calculations on 13-atom icosohedral clusters were performed, see Figure  1 . The icosohedral symmetry was surmised to be the likely optimal geometry for these clusters based on various experimental results by other research groups (later on we were able to check this computationally -see section 3). The converged geometries for both Pd and Cu showed some interesting features. The interatomic distances were reduced compared with bulk values. In particular, there was considerable "squeezing" of the central atom in the icosohedran -that is, the interatomic distance between the central atom and outer atoms was reduced with respect to bulk interatomic values. For Cu there was a reduction of about 8% and for Pd the reduction was about 4%. The interatomic distance between outer shell atoms was also reduced, but by lesser amounts. For Cu this reduction was about 3% and for Pd it was about 1.5%. Electronically, the calculations showed multiple degeneracies at the Fermi Level, indicating that breaking the geometric symmetry of the clusters should lower the total energy (Jan'Teller Distortions). However, despite repeated attempts using various approaches, we were unable to find distortions of the icosohedral structure which lead to more stable structures than the fully symmetric geometry.
Other Non-Icosohedral Geometries
To check the assertion that the icosohedral geometry is lower in energy than other geometries, we performed calculations on 13 Cluster.
structure proposed by Goddard for Alkali metals - Figure 4 . For the bulk-like geometries, HCP and FCC, it was found that the icosohedral geometry had a higher total binding enery no matter how the calculations were performed (with or without polarization funcbons, with or without spin restrictions). However, for the optet structure, the results depended strongly on the treatment of electronic properties, particularly the proper treatment of the spin. For instance, in a spin-restricted calculation with no additional polarization functions over the standard DMOL basis set, the total binding energy for HCP was 33.4 eV, for FCC was 34.0 eV, for 0 icosohedral was 34.1 eV, and for the Optet was 34.6 eV. Indicating that while the icosohedral geometry was more stable than the bulk-like geometries, it was less favorable than the Optet geometry. Adding polarization functions did not change this ordering although the binding energies increased by about 0.1 eV across the board. Performing spin-unrestricted calculations, however, changed this situation. In this case, the Optet binding energy increased to 34.75 eV while the icosohedral geometry had its calculated total binding energy increase dramatically to 34.SO eV, indicating once again that the icosohedral geometry is most favorable (albeit by a small amount). Adding adsorbates to these structures further increases the favorability of the icosohedral geometry (see section
Hydrogen Adsorption a) Single Hydrogen Atom Adsorption
Studying the binding of simple molecules on these clusters is the first step towards developing an understanding of the chemical properties of these nanocluster structures.
For this purpose we studied the binding of hydrogen atoms on the Cu and Pd 13-atom icosohedral clusters. For both Cu and Pd it was found that the atop site and the two-fold bridge sites were unstable with respect to the 3-fold hollow site - Figure 5 . In addition, the binding energies for hydrogen were quite similar -about 3.4 eV for both Cu and Pd.
The addition of hydrogen also caused a relaxation in the clusters, with the interatomic distances between the central atom and the 3 atoms proximate to the hydrogen atom relaxing to their bulk values. For the Cu Optet structure, hydrogen has a binding energy of only 2.9 eV, further reducing its favorability as a possible physical structure. placed diametrically opposite to each other - Figure 9 . In this case the binding energy per hydrogen atom dropped to 2.95 eV. This is undoubtedly due to the degeneracies at the Fermi level that this symmetric situation produces and probably does not have physical significance.
As more hydrogen is added to the surface the binding energy per hydrogen atom decreases very slowly, further emphasizing the lack of interactions between individual bound hydrogen atoms. For instance, a loading of 10 hydrogen atoms has a binding energy of 3.06 eV per hydrogen atom - Figure 10 . Eventually, however the binding energy of the hydrogen atoms to the Cu cluster drops below that of hydrogen to itself (LDA gives a total binding energy of about 4.5 eV for the hydrogen molecule, or 2.3 eV per hydrogen atom). At this point, the cluster becomes unstable with respect to the formation of hydrogen molecules. A fully loaded cluster (20 hydrogen atoms in all available 3-fold sites - Figure   11 ) has a binding energy somewhat less that 2.0 eV per hydrogen. Calculations show the entire cluster distorting dramatically with hydrogen molecules forming and presumably desorbing from the cluster - Figure 12 . 
Summary
We have shown that it is possible to study coinage and transition metal clusters using first principles DFI'. It was found that the proper treatment of spin was important in determining the optimal geometry for these relatively small clusters. Adsorption of hydrogen yielded insight into the stable binding sites on these clusters, the relative interaction between these sites, and possible changes in geometry due to adsorbates. While the lack of interaction between hydrogen binding sites allows relatively large quantities of hydrogen to adsorb onto a small cluster (suggesting a possible use for nanocluster materials for hydrogen storage applications), at the highest loadings these clusters become unstable with respect to molecular hydrogen formation. These studies suggest that it is indeed possible to use DFT as a tool for understanding the novel physical and chemical properties these metal nanoclusters possess.
Conclusion
Goals which we have reached include solving convergence problems associated with large transition metal clusters, which have a large number of eigenstates close to the Fermi level; performing transition metal cluster calculations of record size; and obtaining the relaxed geometries and relative energies of clusters ranging from 13 to 140 transition metal atoms.
A goal not reached is the study of transition states for simple chemical reactions on cluster surfaces. During the course of this study, it became widely known that standard LDA theory is insufficient to compute transition states for many systems. The gradient correction to standard LDA (so-called GGA) has been shown for some systems to solve this failing. However, other recent work has raised the suspicion that even GGA cannot obtain qualitatively accurate transition states for some systems. A solution is to use LDA to obtain geometries, but, before transition state calculations are carried out, compare LDA and GGA to more accurate first principles methods such as quantum Monte Carlo for a system of interest, modeled by a small cluster; this way, the intrinsic inaccuracies in the density functional methods may be learned and reliability of results established. Fig. 3 . The 140-atom fcc octahedron. Table 9 : Geometry of relaxed icosahedral Ag (bulk nn LDF distance is 2.834 A). 
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